The first spectroscopy of excited states in 52 Ni (T z = −2) and 51 Co (T z = − 3 2 ) has been obtained using the highly-selective two-neutron knockout reaction. Mirror energy differences between isobaric analogue states in these nuclei and their mirror partners are interpreted in terms of isospin non-conserving effects. Comparison between large-scale shell-model calculations and data provide the most compelling evidence to date that both electromagnetic and an additional isospin non-conserving interaction for J = 2 couplings, of unknown origin, are required to obtain good agreement.
Symmetries play a central role in physics, and can greatly simplify a model space and introduce experimentally verifiable predictions, such as conservation laws. In the case of the atomic nucleus the introduction of isospin (T ), and the associated projection (T z = (N − Z)/2) [1] , the formalism by which the proton (t z = − 1 2 ) and neutron (t z = + 1 2 ) are treated as two states of the same particle, led Wigner to the concept of isospin symmetry [2] . The symmetry is based on the assumption that nucleon-nucleon interactions are chargesymmetric and charge-independent. In the absence of isospin-breaking interactions, the model requires exact symmetry (degeneracy) between analogue states in nuclei with the same mass but interchanged numbers of protons and neutrons (isobaric analogue states -IAS). Electromagnetic effects break the degeneracy, and provide an interaction that mixes states of different isospin. Historically, accounting for energy differences purely in terms of Coulomb effects has proved problematic (e.g. [3] ), where predicted Coulomb Displacement Energies between IAS differed systematically from experimental values (the Nolen-Schiffer anomaly), suggesting that other isospin-breaking effects need to be accounted for. Indeed, evidence of such symmetry breaking is found in the nucleon-nucleon interaction (e.g. [4] and references therein). It has been suggested, e.g. [5, 6] , that this charge-symmetry breaking may contribute to the Nolen-Schiffer anomaly, although the situation has not been fully resolved.
Despite these difficulties, differences between excitation energies of IAS (i.e. having normalised the ground state energies) show a remarkable degree of symmetry and can be wellreproduced by shell-model calculations which account for the electromagnetic multipole (i.e. two-body Coulomb) effects [7] and monopole effects [8] affecting single-particle energies and related to radial and deformation changes. Detailed investigation of these phenomena has focused mainly on nuclei in the f 7/2 shell, those nuclei between doubly magic 40 Ca and 56 Ni [9, 10] although there are new results and shell-model calculations available in the f pg-shell also (e.g. [11] ). The f 7/2 region is particularly attractive for such an investigation, as N < Z nuclei are experimentally accessible and large-scale shell-model calculations are known to provide an excellent description [12] . A systematic study of these nuclei shows that a single shell-model prescription can be used to reproduce the differences in the excitation energy of mirror pairs (mirror energy differences -MED) with excellent accuracy [9] . In this prescription, isospin-breaking effects can be accounted for by the electromagnetic interaction.
However, in order to achieve the best fit to the experimental MED, it is found [8, 9, 13] that an additional repulsive two-body matrix element needs to be added for f 7/2 protons coupled to J = 2. Moreover, the additional J = 2 term required is comparable to the Coulomb contribution. This is the so-called J = 2 anomaly, which has caused much interest, so far without a satisfactory explanation.
The motivation for the current work, focussed on the T z = −2 nucleus 52 Ni, was two fold.
Firstly, extending these studies to excited states of mirror nuclei with large differences in proton number and where we approach the limits of nuclear binding (i.e. near the proton drip-line) provides a stringent test of the models developed. Secondly, calculations indicated that the J = 2 anomaly would play a significant role in both the J π = 2 + and 4 + states in the A = 52 pair but be absent for the 6 + state, giving a direct prediction that can be tested. In this Letter we report on the first excited states identified in the exotic nuclei 52 Ni (T z = −2)
) -the latter of which is expected to have excited states which are all above the calculated 88 keV proton separation energy [14] . We used, we believe for the first time, the approach of mirrored two-nucleon knockout to identify the IAS in the T z = ±2 shell-model calculations, and crucial information on the J = 2 effect is extracted.
The experiment was performed at the National Superconducting Cyclotron Laboratory at Michigan State University. The secondary beams of interest were produced by the fragmentation of a 160 AMeV beam of 58 Ni incident on a 9 Be primary target, with the resulting fragments separated by the A1900 fragment separator [17, 18] and identified downstream using their time-of-flight.
The secondary target was located at the reaction target position of the S800 spectrograph [19, 20] , and unique identification of the reaction products was achieved using the energy loss in an ion chamber and the time-of-flight through the S800. Surrounding the S800 reaction target position was SeGA, used to record γ rays emitted in flight [21] .
Excited states in 52 Ni were populated by two-neutron knockout from 54 Ni at 87 AMeV on the secondary 9 Be target of areal density 188 mg/cm 2 . Since in this case the two nucleons are initially well bound, their sudden removal is expected to be direct as the indirect process (a single neutron removal followed by neutron evaporation) is not favoured energetically [22] . Two-neutron knockout was chosen here for two reasons. Firstly, the cross-section is expected to be large as both the 54 Ni and the yrast states of 52 Ni should be dominated Finally, the mirror of 51 Co ( 51 Cr) was produced through 2p1n removal from 54 Fe. The known partial level scheme of 51 Cr is shown in figure 2 [16] , and the proposed scheme for 51 Co, based on the spectral comparison, is also presented in figure 2 . However, care must be taken in making these initial assignments, as the population mechanisms for the spectra in figures 1(c) and (d) are rather different, and the states of interest in 51 Co are well above the proton-separation energy. To give more confidence to the proposed scheme, two-neutron knockout cross-section calculations were utilised. Two-neutron cross sections were calculated using the formalism presented in Refs. [22, 24] , combining eikonal reaction dynamics and shell-model structure input. The two nucleons are assumed to be suddenly removed from the projectile, the core (i.e. reaction residue) of which acts as a spectator during the reaction. Full f p-shell-model calculations using the KB3G interaction [12] were used to compute the two nucleon amplitudes (TNA), the amplitudes for each two-nucleon configuration with angular momentum J π , coupled to residue state J π f in the projectile ground state J π i . Valence nucleon radial wave functions are calculated in a Woods-Saxon plus spin-orbit potential, the geometry of which is constrained by HartreeFock (HF) calculations. For convenience of the interface with the reaction model, these structure amplitudes were computed using NuShell@MSU [25, 26] .
For
52 Ni the calculations predict that 75% of the cross-section for excited states goes directly to the yrast 2 + , 4 + and 6 + states, and predicts that the γ-ray from the 6 + state will be at least twice as intense as any from the non-yrast states. This is entirely consistent with the intensities in the observed spectrum and lends weight to the assignments presented in figure 2 . For 51 Co the situation is more complicated as the intensity is expected to be more fragmented -see figure 3 for the calculated relative cross sections. It is clear from the spectra and γ-ray energies, that the 366, 1129 and 1495 keV transitions must form decays from the − states, based on mirror-symmetry arguments and measured intensities. However, the predicted relative cross sections in figure   3 do not indicate a strong population of these states and so these two assignments remain tentative in figure 2 . For all states identified in this work, the spins and parities are inferred, rather than directly measured, and so they are indicated in figure 2 as tentative. Large-scale shell-model calculations using the full f p-shell have been performed using the Antoine code [27] with the KB3G [12] interaction. Previous work [12] shows that in this upper part of the f 7/2 shell, and in the A = 51 and 52 isobars in particular, the agreement with data on excitation energies and transition strengths is excellent. In order to calculate the isospin-breaking effects and their contribution to the MED, an identical approach to that described in [9] has been employed. The model has four components that contribute to the MED: (a) The Coulomb multipole effect (V CM ) accounts for the recoupling effect described above, and is accounted for by the addition of the Coulomb energy to the two-body matrix elements for protons; (b) The radial term (V Cr ) is a monopole term that accounts for the Coulomb energy of changes in nuclear radius, according to the prescription of [8] ; (c) The V ll and V ls terms are monopole terms that account for Coulomb [8] and magnetic [3] shifts to single-particle levels; (d) The final term (V B ) accounts for the J = 2 effect described earlier -which is found to be necessary for a successful MED description in the shell [7] [8] [9] 13] . It is included in the model by adding a single repulsive interaction of 100 keV to the proton two-body matrix elements for f 7/2 protons. This shell-model prescription has been shown to be extremely successful in describing the J−dependence of MED for T = but has yet to be tested in detail for such a large difference in T z , where the monopole terms (which scale with difference in proton number) will become large. In addition, for states far above the proton separation energy (i.e. the excited states in 51 Co) the effects of coupling to the continuum may become more important [28] . Since these MED are normalized to the ground state, the analysis presented here is sensitive to the J−dependence of these effects. Thus, one might expect that rather than a repulsive J = 2 component being added (for protons) one could include an attractive J = 0 component instead. This was first investigated in reference [30] , which showed that the J = 0 approach did not have the required effect at higher spins. This is confirmed in we cannot rule out other Coulomb-induced effects, and attempts have been made [31] at a renormalisation of the Coulomb matrix elements to account for these, but the required Jdependence could not be reproduced. In terms of CSB, it has long been recognised that accurate calculations of nuclear masses (e.g. to predict location of the proton drip line) requires inclusion of CSB effects in order to correctly determine the Coulomb Displacement Energy (CDE). However, the numerical values needed are not known and usually effective isovector matrix elements have been determined by fitting experimental CDE (e.g. [32] ). A recent study from Kaneko et al. [33] , parallel to the work presented here, is an example of this. In that work, an isospin non-conserving isovector term of 100 keV (attractive for protons in the J = 0 channel) was used as it was found necessary in order to reproduce the detailed behaviour of the CDE. Thus, there are some indications that the two observations -one concerning ground state energies, the other MED -may have the same origin in this region. However, associating these effects with the nuclear interaction is possibly not safe at this point, and clearly, some theoretical effort is needed to understand the origin from both a nuclear structure, and fundamental interaction, perspective. (8) 862 (14) 3247 (17) 2385 (10) 1397 ( (7) 1129 (5) 366 (5) 862 (5) (953 (9) 51 Co populated in a direct two-neutron knockout reaction, using shell model input from NuShell@MSU with the KB3G interaction (see [22, 24] for details). The fraction of the intensity directly feeding the yrast (black) and non-yrast 
